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doi:10.1016/j.jtcvs.2007.07.036bjectives: Ischemic brain injury is an important morbidity in neonates after the
orwood procedure. Its relationship to systemic hemodynamic oxygen transport is
oorly understood.
ethods: Sixteen neonates undergoing the Norwood procedure were studied. Con-
inuous cerebral oxygen saturation was measured by near-infrared spectroscopy.
ontinuous oxygen consumption was measured by respiratory mass spectrometry.
ulmonary and systemic blood flow, systemic vascular resistance, oxygen delivery,
nd oxygen extraction ratio were derived with measurements of arterial, and
uperior vena cava and pulmonary venous gases and pressures at 2- to 4-hour
ntervals during the first 72 hours in the intensive care unit.
esults: Mean cerebral oxygen saturation was 66%  12% before the operation,
educed to 51%  13% on arrival in the intensive care unit, and remained low
uring the first 8 hours; it increased to 56%  9% at 72 hours, still significantly
ower than the preoperative level (P  .05). Postoperatively, cerebral oxygen
aturation was closely and positively correlated with systemic arterial pressure,
rterial oxygen saturation, and arterial oxygen tension and negatively with oxygen
xtraction ratio (P  .0001 for all). Cerebral oxygen saturation was moderately and
ositively correlated with systemic blood flow and oxygen delivery (P  .0001 for
oth). It was weakly and positively correlated with pulmonary blood flow (P 
001) and hemoglobin (P  .02) and negatively correlated with systemic vascular
esistance (P  .003). It was not correlated with oxygen consumption (P  .05).
onclusions: Cerebral oxygen saturation decreased significantly in neonates during
he early postoperative period after the Norwood procedure and was significantly
nfluenced by systemic hemodynamic and metabolic events. As such, hemodynamic
nterventions to modify systemic oxygen transport may provide further opportuni-
ies to reduce the risk of cerebral ischemia and improve neurodevelopmental
utcomes.
here has been a dramatic reduction in mortality after surgery for complex
congenital heart defects. Consequently, much attention is now being directed
to neurologic outcomes among survivors.1 The incidence of measurabl
eurologic sequelae is as high as 25%, including both early postoperative seiz2,3
nd long-term neurodevelopmental impairment such as cognitive, attentional, be-
avioral, and neuromuscular disabilities.4-8 Studies on neurologic outcomes ha
argely focused on specific intraoperative risk factors, such as hemodilution, pH
anagement,9 and deep hypothermic circulatory arrest.2-5,8,10 Others have reported
reoperative reduction of cerebral blood flow and ischemic injury (in turn related to
natomic and functional features), being most severe in neonates with hypoplastic
eft heart syndrome.11-14 Postoperative hemodynamic instability may further affect
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Dhe vulnerable brain. Prolonged stay in the intensive 
nit (ICU) has been found to be associated with p
eurologic outcomes.15 Ischemic lesions early after ca-
iac surgery, in the form of periventricular leukomala
ave been seen in more than 50% of neonates and 
een attributed to postoperative hypoxia and diasto
ypotension.16,17
Neonates with hypoplastic left heart syndrome under
ng the Norwood procedure, which involves reconstruct
f the aortic arch to maintain unobstructed systemic b
ow (Qs) and limiting pulmonary blood flow (Qp) w
odified Blalock–Taussig shunt, may be particularly pr
o neurologic insult, with hypoxic–ischemic lesions s
reoperatively in nearly half of these neonates.12,17 Intraop-
ratively, the already vulnerable neonatal brain will 
xposed to the effects of prolonged cardiopulmonary byp
CPB), circulatory arrest, and variable hemodynamic 
etabolic events. The effects of regional brain perfu
trategies remain to be demonstrated, but it is likely
ntraoperative neuroprotection is less than complete.18 In
ddition to these preoperative and intraoperative risk 
ors, our group has shown that the early postoperative p
fter the Norwood operation is characterized by hemo
amic instability with marginal systemic oxygen deliv
DO2), with the injured neonatal single right ventricle -
lying the parallel circulations and arterial oxygen des
ation.19,20 At the same time, systemic oxygen consumpt
VO2) increases,19,20 thus further impairing systemic oxyg
ransport and placing the cerebral circulation at risk. I
een recently reported that low systemic venous oxy
aturation is associated with childhood neurodevelopmen
bnormality.21 Clearly, a systematic assessment of the -
ects of systemic hemodynamics and oxygen transport
erebral oxygenation during the early postoperative per
s needed to understand the mechanisms of neurologic is
ic injury and to improve postoperative management 
ong-term neurologic outcomes.
Near-infrared spectroscopy (NIRS) provides a noninv
Abbreviations and Acronyms
CPB  cardiopulmonary bypass
DO2  oxygen delivery
ERO2  oxygen extraction ratio
ICU  intensive care unit
NIRS near-infrared spectroscopy
PaO2  arterial oxygen tension
Qp  pulmonary blood flow
Qs  systemic blood flow
ScO2  cerebral oxygen saturation
SVR  systemic vascular resistance
VO2  oxygen consumptionive, continuous method to monitor regional tissue oxyhe-o
4 The Journal of Thoracic and Cardiovascular Surgery ● Januar
e
t
s
oglobin saturation.22,23 It has been extensively used d-
ng CPB to determine the risk factors for poor cer
erfusion.16,18,24 In the present study, we hypothesized t
erebral oxygen transport might be influenced by syste
emodynamics and oxygen transport during the early p
perative period after the Norwood procedure. We u
IRS to continuously measure cerebral oxygen saturat
ScO2) and respiratory mass spectrometry to continuou
easure VO2 and to derive measurements of Qp and 
O2, and oxygen extraction ratio (ERO2). We examined th
ffects of each of the systemic hemodynamic indices 
xygen transport variables on ScO2 during the first 72 hou
fter the Norwood procedure.
atients and Methods
atients
his study was approved by the Research Ethics Board a
ospital for Sick Children, Toronto, Canada. Written inform
onsent was obtained from the parents of 16 neonates (14 
ge range 4 –16 days, median 7 days) undergoing the Nor
rocedure between April 2004 and November, 2006. Patient
ographics are shown in Table E1. Data from some of 
atients were reported previously on systemic hemodynamics 
xygen transport early after the Norwood procedure.19,20
perative Procedure
eonates were intubated with a cuffed endotracheal tube (Micro
eidelberg-Pediatric; Microcuff GmbH, Weinheim, Germany
eneral anesthesia was maintained with inhaled isoflurane, in
enous fentanyl, and pancuronium bromide. A standard Norw
rocedure with regional cerebral circulation was used. All 
ates had a 3.5-mm right modified Blalock–Taussig shunt with
istal anastomosis placed centrally on the intramediastinal pul
ary artery. CPB management consisted of a target flow of
L · min1 · kg1 and a hematocrit value of 25% to 30% 
odified pH-stat blood gas management for uniform coo
18°C–20°C) at the esophageal site. Selected cerebral perfu
as performed in all neonates at pump flows of 30 to 35 mL ·
in1 · kg1. All neonates received aprotinin 1.7  106 KIU/m2
nd methylprednisolone 10 mg/kg before CPB. Phenoxyben-
amine 0.25 mg/kg was added to the pump prime. Separation from
PB occurred after initiation of infusions of milrinone (0.66 g ·
in1 · kg1) and dopamine (5 g · min1 · kg1). Modified
ltrafiltration was used in all neonates immediately after separation
rom CPB. A pulmonary venous line was inserted into the orifice
f the right upper pulmonary vein. The sternal incision was left
pen routinely in all the patients.
ritical Care
nfants received time-cycled pressure control/pressure support
entilation. Sedation and analgesia were given as a continuous
ntravenous infusion of morphine (20–40 g · h1 · kg1), inter-
ittent injections of lorazepam (0.1 mg/kg), and pancuronium (0.1
g/kg). Pancuronium was discontinued when the patient achieved
atisfactory hemodynamic stability.
The central esophageal temperature was monitored continu-usly and maintained at 36°C–37°C. Vasoactive agents (milrinone,
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Dopamine, phenoxybenzamine, and vasopressin) and ventilato
ettings were adjusted according to our standard protoco
chieve arterial carbon dioxide tension around 45 to 50 mm
nd pH 7.3 to 7.4, mean arterial blood pressure 40 to 45 m
ith systolic pressure in the range of 55 to 65 mm Hg, 
xygen saturation 70% to 80%, and superior vena caval satur
f 44% to 55%.25 Intravenous volume infusions (5% albumin 
lood) were given to maintain filling pressures of 7 to 10 m
ransfusions were given for a hemoglobin of less than 14 m
nd hemoglobin was generally maintained between 14 and 16
g/dL (Figure 1).
ethods of Measurements
ScO2. A NIRS probe, consisting of a near-infrared light emitter
ptode and a receiver optode with a distance of 5 cm, was placed
n the patient’s midline forehead. The recordings were monitored
y a dual-detector device (Somanetics INVOS 5100A, Troy,
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Figure 1. Mean  SD values of cerebral oxygen satura
and mean arterial pressures, systemic vascular resista
oxygen pressure (PaO2), hemoglobin (Hb), pulmonary
including systemic oxygen consumption (VO2), oxygen d
first 72 hours after arrival in the intensive care unit. *
coefficient of the early trend, and time2 indicating
transformation.ich) and recorded at 1-minute intervals.
The Journal of Thoracg
al
g.
,
VO2. VO2 was measured continuously with an AMIS2000 res-
iratory mass spectrometer (Innovision A/S, Odense, Denmark).
his is a sensitive and accurate method that allows simultaneous
easurements of multiple gas fractions. The detailed methodology
sed in this protocol has been published previously by our gro20
Calculations of hemodynamic and oxygen transport vari-
bles. Blood samples were taken from the arterial line, superior
ena cava, and pulmonary vein lines for the measurements of
lood gases and saturations. Qp and Qs were then calculated by the
irect Fick method:
Qp VO2 ⁄ CpVO2CaO2
Qs Vo2CaO2CVO2
ystemic vascular resistance (SVR) was calculated by the follow-
ng equation:
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ScO2) and hemodynamics including systolic, diastolic,
SVR), arterial oxygen saturation (SaO2), arterial partial
and systemic blood flows (Qs), and oxygen transport
ry (DO2), and oxygen extraction ratio (ERO2) during the
r polynomial transformation, with time indicating the
later trend. **Data were entered after logarithmic24 32
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DO2 and ERO2 were calculated by standard equations:
D O2  Qs  CaO 2
ERO2  V O 2 ⁄ DO 2
here CaO2, CpvO2, and CvO2 indicate systemic arterial (which 
ulmonary arterial), pulmonary venous, and superior vena c
xygen contents, respectively; MAP and MVP indicate the m
rterial and superior vena cava pressures. All values were ind
o body surface area as calculated before the operation.
tudy Protocol
cO2 was continuously monitored after anesthesia introductio
uring the operation, and 72 hours after the operation. Intra
tive clinical data (including esophageal temperature, system
rterial blood pressure, and blood gases) were collected befor
peration as baseline, before selective cerebral perfusion (C
ooling), during selective cerebral perfusion, before separat
rom CPB (CPB rewarming), and at the end of the oper
ostoperative study recordings were prospectively performed d
ng the first 72 hours after arrival in the ICU. Values of he
amic and oxygen transport variables and central body temp
ure were collected at 2-hour intervals during the first 24 hou
t 4-hour intervals in hours 25 through 72. Sampling was av
f a change in sedation, paralysis, ventilatory, or hemodyn
reatment was made within 15 minutes. The treating physic
ere blinded to NIRS values during the postoperative period
ata Analysis
ata are expressed as mean  standard deviation. Mixed linea
egression analysis for repeated measures was used to determ
he nature of any time trend of the measures over the 72-hour
eriod. For some measures, various transformations of time 
rithmic and polynomial) were tested regarding the best fit fo
ime course. Correlations between the variables were sought 
sing mixed linear regression analysis for repeated measures. 
xtent of correlation was indicated by the intercept, param
stimate, and P value. Further comparisons of the extents 
orrelations between the 2 periods in the first 24 hours an
ollowing 48 hours were made and indicated by the param
stimates of the interactions of time period and the variables P
alues. All data analyses were performed with SAS statis
oftware version 9.2 (SAS Institute, Inc, Cary, NC).
esults
atients
here was no incidence of circulatory collapse or d
uring the study period. All neonates survived to hos
ischarge except for one who died of cardiac failure o
5th postoperative day (patient 13). Complete data sets 
ollected in all neonates for 72 hours except in one (p
) owing to weaning from mechanical ventilation at
ours. The standard neonatal physical examination at 
ime of discharge did not demonstrate abnormal neurolo
ndings. m
6 The Journal of Thoracic and Cardiovascular Surgery ● Janua.
y-
d
y
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ntraoperative Changes of ScO2
cO2 values differed markedly between the different peri
f perfusion and surgical repair. Preoperative baseline SO2
as 66%  12%. ScO2 increased to 88%  6% at the en
f cooling and was 90%  7% during selective cerebra
erfusion. It decreased to 64%  9% during rewarming, an
urther to 54%  6% after separation from CPB, sign
antly lower than the preoperative baseline level (P  .02).
ostoperative Changes of ScO2 and Systemic
emodynamic and Oxygen Transport Variables
able E2 and Figure 1 show the results of ScO2 and its
emporal relationship with systemic hemodynamic, a
xygen transport variables during the 72 hours after ar
n the ICU. All the variables showed substantial intra
idual and interindividual variations over the study per
ith marked differences in the time course and exten
hange.
ScO2. ScO2 further decreased to 51%  13% on arriva
n the ICU and remained at the low level in the initial 8
ours. Over the first 72 hours, ScO2 was significantly related
o time in a complex polynomial function, with an increase
n the first 48 hours (P  .0001) and a subsequent small but
ignificant decrease in 48 to 72 hours (P  .0001). The
ean value of ScO2 at 72 hours was 56%  9%, signifi-
antly lower than the preoperative baseline level (P  .02).
hen all data were pooled together, the values ranged from
7% to 79%, with 28% of the measurements lower than the
eported critical level of 48%.26-28
Systemic hemodynamics and oxygen transport. Sys-
olic and mean arterial pressures were significantly related
o time after a logarithmic transformation, being initially
ow in the first 24 hours, followed by a rapid increase
etween 24 and 48 hours, and remained at that level there-
fter (P  .0001 for both). Diastolic arterial pressure sig-
ificantly and linearly increased over the study period (P 
004). SVR was significantly related to time in a complex
olynomial function, being initially high in the first 8 hours,
ollowed by a rapid decrease in the first 24 hours (P 
0001), and a subsequent small but significant increase (P
0001). Hemoglobin showed a small linear decrease over
ime (P  .0001). SaO2 and arterial oxygen tension (PaO2)
ere significantly related to time after logarithmic transfor-
ation, with a rapid increase in the first 24 hours and
hereafter a slow increase (P  .0001). Qp showed a linear
ignificant increase over time (P .0001). Qs and DO2 were
ignificantly related to time in a complex polynomial func-
ion, with an initial rapid increase in the first 24 hours
ollowed by a slow increase (P  .0001 for both), and a
ubsequent small but significant decrease at around 28 hours
P  .0001 for Qs and P  .0001 for DO2). VO2 and ERO2
ere significantly related to time after logarithmic transfor-
ation, showed a rapid decrease in the first 8 hours, and a
ry 2008
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Dubsequent slow decrease (P  .0005 for VO2, and P 
0001 for ERO2).
orrelations of ScO2 With Systemic Hemodynamics
nd Oxygen Transport
he statistical analysis results of the correlations between
cO2 and systemic hemodynamics and oxygen transport
uring the whole study period are seen in Table E3
igure 2.
ScO2 was closely and positively correlated with systolic,
iastolic, and mean arterial pressures (parameter estimate
Figure 2. Correlations between cerebral oxygen satura
port variables of systolic, diastolic, and mean arteria
oxygen saturation (SaO2), arterial partial oxygen press
blood flows (Qs), systemic oxygen consumption (VO2), o
neonates during the first 72 hours after arrival in the i.31, 0.26, and 0.48, respectively; P  .0001, P  .0003, Q
The Journal of Thoracd
nd P  .0001, respectively) and with SaO2 and PaO2
parameter estimate 0.41 and 0.69, respectively; P  .0001
or both). ScO2 was also closely and negatively correlated
ith ERO2 (parameter estimate 31.0; P  .0001). It was
oderately and positively correlated with Qs (parameter
stimate 2.1; P  .0001) and DO2 (parameter estimate
.023; P  .0001). It was weakly but significantly and
ositively correlated with Qp (parameter estimate 1.8; P 
001) and negatively with SVR (parameter estimate 0.15;
 .003). It was not correlated with VO2 (P  .05).
Additionally, PaO2 and SaO2 were weakly correlated with
(ScO2) and systemic hemodynamic and oxygen trans-
ssures, systemic vascular resistance (SVR), arterial
PaO2), Hemoglobin (Hb), pulmonary (Qp) and systemic
n delivery (DO2), and oxygen extraction ratio (ERO2) in
ive care unit (ICU).tion
l pre
ure (
xyge
ntensp (parameter estimate 0.05; P  .0001 for both), Qp/Qs
ic and Cardiovascular Surgery ● Volume 135, Number 1 87
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Dparameter estimate 0.03 and 0.04, respectively; P  .0001
or both), and DO2 (parameter estimate 3.7, P  .002 for
aO2; parameter estimate 0.16; P  .05 for SaO2). The
xtents of correlations of ScO2 with hemodynamics and
xygen transport variables were not significantly differ
etween the period of the first 24 hours and that of th
eriod (P  .05 for all).
iscussion
his is the first study to examine the consequences of
ostoperative systemic hemodynamics and oxygen transport
n cerebral oxygenation in neonates with hypoplastic left
eart syndrome after the Norwood procedure. We found that
cO2 fell during the first 8 hours after surgery and then
ncreased in neonates during the first 72 hours after the
orwood procedure. Critically low levels of ScO2 occurred
requently. The changes in ScO2 were significantly related to
he changes in systemic hemodynamics and oxygen trans-
ort variables.
NIRS was used to estimate cerebral oxygenation in our
tudy. The dual-path length device we used measures the
ercentage of oxyhemoglobin to total hemoglobin in the
ixture of arteries, capillaries, and veins in a slice of tissue
pproximately 1.5 to 2.5-cm deep.22 Because the predomi-
ant venous portion may account for approximately 70% to
0% in NIRS signals,29 the changes in ScO2 can estimate the
erebral flow–metabolism relationships. In heavily sedated
ubjects, as in these neonates, in whom aerobic metabolism
f the brain is relatively low and stable, ScO2 may act as
urrogate for cerebral blood flow and DO2.
Evidence from adult humans26 and neonatal piglets28
ndicates that aerobic metabolism may be impaired when
cO2 decreases below 44% to 47%. In a recent study of
eonates after the Norwood procedure, prolonged exposure
o low postoperative ScO2 (45% for 180 minutes) was
ssociated with the development of ischemic lesions on
agnetic resonance imaging.27 In our neonates, the preo-
rative baseline ScO2 was 66%  12%, similar to the range
eported by Hoffman and associates.18 The intraoperative
hanges also showed a similar pattern.18 ScO2 increased
uring cooling, was well maintained during selective cere-
ral perfusion, and decreased after rewarming and separa-
ion from bypass to be lower than preoperative baseline
alues, at an average of 54%  6%. There was a further
ecrease in ScO2 in the first 8 hours after arrival in the ICU.
espite the subsequent increase, at 72 hours ScO2 was still
ignificantly lower than preoperative baseline levels.
This study shows that the vulnerable brain is dependent
n unstable hemodynamics and oxygen transport seen in the
arly postoperative period after the Norwood procedure.
O2 is characteristically low and highly variable. Qs and
O2 are most depressed during the first 12 to 24 hours; at the s
8 The Journal of Thoracic and Cardiovascular Surgery ● Januater
ame time, VO2 is high, further compounding the imbalance
f oxygen transport.19,20 Thus the first 12 to 24 ho
epresents a critical period for not only cardiovascular but
lso neurologic morbidity. Low ScO2 was associated with
epressed hemodynamics and impaired balance of oxygen
ransport, as seen in the low arterial blood pressure, SaO2,
aO2, Qp, Qs, and DO2 and a high VO2 and ERO2. Thereafter,
cO2 improved with the gradual recovery in hemodynamics
nd oxygen transport.
ScO2 showed wide interindividual and intraindividual
ariations throughout the study period (27%–79%). The
requency of a critically low level (48%) was substantial,
epresenting about 28% of all the measurements. Correla-
ion analysis revealed that the changes in ScO2 were influ-
nced by the different elements of systemic hemodynamics
nd oxygen transport measurements to different degrees.
he close and positive correlation between ScO2 and SaO2
ay be expected because of the intrinsic arterial contribu-
ion to the NIRS signals. An arterial contribution of 16% 
1% to the NIRS signals has been reported by Watzman and
ssociates29 in a group of children with congenital h
isease of varied arterial oxygen saturations. The explana-
ion for the close positive correlation with PaO2 may be less
lear-cut. Arterial hypoxemia is known to increase cerebral
lood flow when PaO2 is reduced to less than 30 to 50 mm
g in models of acute hypoxemia.30 This regulation may b
mpaired in subjects exposed to chronic hypoxemia31 nd
urther compounded by anesthesia and hypothermic CPB.
his may be the case in our patient population. Although
peculative, with the loss of such compensation mechanism,
decrease in PaO2 may lead to a direct decrease in cerebral
O2. Arterial oxygenation has little impact on Qp and
p/Qs and little contribution to systemic DO2.20 It does,
owever, appear to have significant impact on cerebral DO2.
herefore, limiting arterial oxygenation as a means of fa-
orably balancing the parallel circulations may be subopti-
al, but may have an unnecessary detrimental impact on the
rain. Indeed, the judicious use of inspired oxygen may be
eneficial to cerebral oxygenation and metabolism without
ompromising systemic circulation. ScO2 was positively
orrelated with hemoglobin in these neonates. A positive
orrelation has been found between ScO2 and hemoglobin
uring mild-to-moderate hemodilution32,33 and is furthe
upported in our data in subjects with relatively high levels
f hemoglobin.
The intercorrelations of ScO2, systemic arterial pressure,
VR, and Qs are also important to note for these neonates.
cO2 was significantly and positively correlated with sys-
olic, diastolic, and mean arterial pressures. This may indi-
ate impaired cerebrovascular autoregulation or a pressure-
assive cerebral circulation after CPB.34,35 The low
iastolic pressure in the presence of a Blalock–Taussig
hunt may further render the brain vulnerable to hypoper-
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Dusion or hypoxic insult. Loss of cerebrovascular autore
ation and low diastolic arterial pressure have previo
een shown to be risk factors for the occurrence of s
eriventricular leukomalacia in premature infants34 and in
eonates after cardiac surgery.16 Interestingly, the close an
ositive interrelationships between ScO2 and arterial pres-
ure and, in turn, between arterial pressure and SVR di
ecessarily lead to positive correlation between ScO2 and
VR. In fact, ScO2 was negatively and significantly corr-
ated with SVR. This is largely due to the negative 
ation between SVR and Qs and DO2; Qs and DO2 were
ignificantly and positively correlated with ScO2.
It is our routine management of these neonates to
henoxybenzamine and milrinone to sustain a relatively 
VR and to maintain an adequate Qs and DO2.25,36 The
urrent study shows that this approach may also be be
ial to improve cerebral oxygenation. Furthermore, p
oxybenzamine can cross the blood– brain barrier and 
ave a direct and important effect on reducing cere
ascular resistance.37 Phenoxybenzamine may also contrib-
te to maintaining cerebral blood flow during hypoten
nduced by bleeding38 and enhance cerebrovascular re-
ponse to carbon dioxide.39 These properties of phenoxy-
enzamine are appealing in the care of neonates afte
orwood operation, in whom the goal is to optimize 
ystemic and cerebral oxygen transport. Further studies 
ecessary to quantify the potential effect of redistributio
lood flow between cerebral and systemic vascular b
aused by this and other medications.
The lack of correlation between ScO2 and VO2 is likely
ue to the deep sedation used to minimize cerebral O2.
onetheless, the improvement in ScO2 was most pro-
ounced when VO2 was most rapidly decreased. As we h
emonstrated, VO2 is the most important contributor to 
mprovement in the balance of oxygen transport during
arly hours after the Norwood procedure.22 The close and
egative correlation between ScO2 and ERO2 indicates the
mportant influence of the balance of systemic oxygen tr
ort on cerebral oxygenation during the early postopera
eriod after the Norwood procedure. Strategies to limit O2
ay therefore improve overall oxygen balance and may
articularly relevant to neonates after the Norwood pro
ure, in whom DO2 is tenuous.
Of note, whereas the low ScO2 during the first 24 hou
as associated with depressed systemic hemodynamics 
mpaired balance of oxygen transport, the influence of
ystemic hemodynamics and oxygen transport variables 
cO2 was of equal significance between the period of
rst 24 hours and the following 48 hours. This may in
hat cerebral oxygen transport is vulnerable to syste
emodynamic and oxygen transport fluctuations during 
arly days after the Norwood procedure.
The Journal of Thorace
t
-
-
e
imitations
he superior vena cava was used to measure syst
enous saturation for the calculations of Qs and DO2. This
easure does not account for potential differences in
nferior vena cava saturation.40 Conversely, it could b
rgued that by sampling upper body venous saturation,
ave a more representative measurement, incorporating 
ebral blood flow.
NIRS was used to estimate cerebral oxygenation in
tudy. As mentioned earlier, NIRS measures oxygen s
ation in the mixture of arteries, capillaries, and veins
mall part of underlining cerebral tissue and thus may
recisely reflect overall balance of cerebral oxygen tr
ort. The value of the critically low ScO2 was derived from
ubjects with biventricular circulation26-28 and may not b
eneralizable to subjects with single ventricle and para
irculations. Further assessments of cerebral oxygen 
actate extractions with a jugular bulb venous probe ma
ore precise to reflect cerebral oxygen transport. This
ombination with electroencephalography and cerebr
agnetic resonance imaging, will provide further inform
ion about the influence of postoperative hemodynamics 
xygen transport on cerebral oxygen transport, ischem
njuries, and functional outcomes in this high-risk grou
eonates.
onclusions
cO2 decreases significantly in neonates during the ea
ostoperative period after the Norwood procedure. A c
ally low level of ScO2 occurs frequently and is significant
nfluenced by the systemic hemodynamic instability and the
mbalance of systemic oxygen transport. Interventions to
ptimize hemodynamic stability and to achieve an adequate
alance of oxygen transport, including maintaining a low
VR and adequate Qs and DO2, a relatively high hemoglo-
in, and in addition, judicious use of high inspired oxygen,
ay provide further opportunities to reduce the risk of
erebral ischemic injury and improve neurodevelopmental
utcomes. Future studies correlating systemic hemodynam-
cs and oxygen transport and cerebral oxygen transport to
unctional neurologic outcome may yield important insights
f neurologic injury.
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DABLE E1. Clinical data for the 16 neonates
atient Age (d) Weight (kg) BSA (m2) CPB (min) ACC (min)
Circulatory
arrest (min)
Cerebral
perfusion (min) Diagnosis
1 4 3.7 0.25 151 100 35 53 HLHS, AS, MS
2 16 3.5 0.24 133 39 34 0 HLHS, AS, MS, endocardial
fibroelastosis of LV
3 7 4.2 0.27 122 62 3 60 HLHS, AS, MS
4 12 3.5 0.23 165 75 13 59 DILV, TGA
5 6 3.5 0.23 172 82 9 70 HLHS, AA, MA
6 7 4.0 0.25 167 64 17 44 HLHS, AS, MS
7 6 2.9 0.20 142 62 1 62 HLHS, AS, MS
8 9 3.6 0.24 109 50 4 44 HLHS, AS, MS
9 7 2.8 0.19 66 59 17 20 HLHS, AS, MS
10 5 2.5 0.18 170 126 46 60 HLHS, AS, MS
11 4 4.2 0.27 124 99 44 49 HLHS, AA, MA TAPVC
12 5 3.9 0.26 98 50 12 37 HLHS, AA, MA
13 4 3.1 0.21 134 67 8 58 HLHS, AA, MA
14 7 3.2 0.21 164 66 9 54 TA, TGA, hypoplastic aortic
arch
15 10 3.4 0.24 100 47 4 4 HLHS, AA, MS
16 4 3.6 0.23 143 68 6 60 HLHS, AA, MA
A, Aortic atresia; AS, aortic stenosis; ACC, aortic crossclamp; BSA, body surface area; CPB, cardiopulmonary bypass; DILV, double-inlet left ventricle;
LHS, hypoplastic left heart syndrome; LV, left ventricle; MA, mitral atresia; MS, mitral stenosis; TAPVC, total anomalous pulmonary venous connection;
GA, transposition of great arteries; TA, tricuspid atresia.
ABLE E2. Statistical analysis results of the changes of ScO2, systemic hemodynamics, and oxygen transport in the 16
eonates during the 72-hour study period using mixed linear regression method
ariables Intercept Parameter estimate P values
cO2 (%)* 50 Time 0.35 .0001
Time2  0.004 .0001
AP (mm Hg)† 54 3.4 .0001
AP (mm Hg) 33 0.03 .004
AP (mm Hg)† 40 1.6 .0001
VR (Wood unit · m2)* 21 Time0.23 .0001
Time2 0.003 .0001
b (g/dL) 14.5 0.009 .001
aO2 (%)† 69 2.0 .0001
aO2 (mm Hg)† 33.5 2.5 .0001
p (L · min1 · m2) 2.1 0.007 .0001
s (L · min1 · m2)* 1.9 Time 0.03 .0001
Time2  0.0004 .0001
O2 (mL · min
1 · m2)* 262 Time 5.00 .0001
Time2  0.06 .0001
O2 (mL · min
1 · m2)† 96 2.8 .0005
RO2† 0.38 0.03 .0001
AP, Diastolic arterial pressure; DO2, systemic oxygen delivery; ERO2, oxygen extraction ratio; Hb, hemoglobin; MAP, mean arterial pressure; PaO2, arterial
xygen tension; Qp, pulmonary blood flow; Qs, systemic blood flow; SaO2, arterial oxygen saturation; SAP, systolic arterial pressure; ScO2, cerebral oxygen
aturation; SVR, systemic vascular resistance; VO , systemic oxygen consumption. *After polynomial transformation, with time indicating the coefficient of2
he early trend, and time2 indicating the later trend. †Data were entered after logarithmic transformation.
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DABLE E3. Statistical analysis results of the correlations of
cO2 as the dependent variable with the systemic hemo-
ynamics and oxygen transport as the independent vari-
bles in the 16 neonates during the first 72 hours after the
orwood procedure using mixed linear regression method
ndependent variables Intercept
Parameter
estimate P values
AP (mm Hg) 34.9 0.31 .0001
AP (mm Hg) 46.3 0.26 .0003
AP (mm Hg) 33.8 0.48 .0001
VR (Wood unit · m2) 57.0 0.15 .003
b (g/dL) 46.2 0.64 .02
aO2 (%) 24.8 0.41 .0001
aO2 (mm Hg) 26.9 0.69 .0001
p (L · min1 · m2) 51.0 1.8 .001
s (L · min1 · m2) 50.1 2.1 .0001
O2 (mL · min
1 · m2) 47.8 0.023 .0001
O2 (mL · min
1 · m2) 58.1 0.03 .13
RO2 64.4 31.0 .0001or abbreviations see Table 2.
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